We present a catalogue of variable stars in the near-infrared wavelength detected with overlapping regions of the 2MASS public images, and discuss their properties. The investigated region is in the direction of the Galactic center (−30
Introduction
The variable stars are useful tracers to study properties of the Galactic bulge. Among variables, the long-period variable stars (such as Semi-Regular Variables (SRVs), Miras and OH/IR stars) are detectable even in highly obscured region of the bulge owing to their high luminosities. These variable stars have been often used for investigating the Galactic bulge :e.g., measurement of the distance to the Galactic centre using Mira variables (Glass et al. 1995; Catchpole et al. 1999; Groenewegen & Blommaert 2005a; Matsunaga et al. 2009 ), a study of population of the bulge (Glass et al. 2001; Groenewegen & Blommaert 2005a) . Therefore, a discovery of variable stars leads to provide us with important information about both variable star itself and the Galactic bulge.
Due to a large amount of dust in the bulge, past searches for variable stars have been mainly focused on relatively unobscured fields such as Baade's Windows (e.g., Lloyd Evans 1976; Glass et al. 1995) . Near-infrared observation is also better for collecting variable stars in the inner bulge, since near-infrared light suffers relatively small interstellar absorption. Glass et al. (2001) detected large-amplitude variable stars in a 24 × 24 arcmin 2 area of the Galactic centre from K-band survey, and obtained ∼ 400 objects with periods and amplitudes. Schultheis et al. (2000b) looked for variable stars by comparing only twice DENIS observations, and presented two catalogues with the property of their variable star candidates. However, past surveys have only investigated small restricted area (up to a few deg 2 ).
Various imaging surveys have been performed in this two decades. In the imaging surveys, overlapping regions are produced for observing the sky without spatial gaps. In other words, there are regions observed multiple times in different epochs even if an imaging survey was performed only one time. Therefore, variable objects are expected to be detected with the overlapping regions. As claimed by Schultheis et al. (2000b) , ∼ 40% of variable stars can be recovered based on only twice-epoch magnitudes. Accordingly, the overlapping regions can be useful tools to search for variable stars. However, they have not been used in order to search for variable stars. When we can establish the search method based on overlapping region, it is also possible to search for variable stars using other survey data because survey images always contain overlapping regions. Furthermore, we can easily collect many variable stars in widely region (over a few tens of deg 2 ) with smaller time though we can extract less information compared with variable stars derived by an ordinary search (e.g., period, amplitude).
In this paper, we present a catalogue of variable stars obtained from overlapping region of 2MASS public images. In Sect. 2, we introduce 2MASS observation and data, and discuss the photometric accuracy in an overlapping region. In Sect. 3, after introducing the detection procedure and criteria, we show a result of search and estimate the interstellar extinctions. In Sect. 4, we discuss detection probability based on twice-epoch magnitudes. In Sect. 5, we discuss the near-infrared properties of the detected variable stars and the spatial distribution in the bulge.
Data

2MASS
The Two Micron All Sky Survey (2MASS 1 , Skrutskie et al. 2006 ) is a project which observed 99.998% of the whole sky at J (1.25 µm), H (1.65 µm), Ks (2.16 µm) bands, at Mt. Hopkins, AZ (the Northern Hemisphere) and at CTIO, Chile (the Southern Hemisphere) between 1997 June and 2001 February. The instruments are both highly automated 1.3-m telescopes equipped with three-channel cameras, each channel consisting of a 256 × 256 array of HgCdTe detectors. The 2MASS obtained 4,121,439 FITS images (pixel size ∼ 2 ′′ · 0) with 7.8 s of integration time. The Point Source Catalogue (PSC) was produced using these images and catalogued 470,992,970 sources. In the 2MASS web site, the images and the PSC are open to the public and are easily available.
Overlapping Regions
Overlapping regions are the edge parts of an image which overlap with neighboring images. They are produced with the purpose of observing the whole sky without spatial gaps. All of the 2MASS images have overlapping regions in their edges. The area of an overlapping region is larger than at least 10% of an image area and it increases at the higher declination.
We focused on these overlapping regions of the 2MASS images. The existence of an overlapping region means the existence of a region where observed multiple times in different epochs. Therefore, it is possible to detect variable objects by comparing the brightness of the objects in the overlapping regions.
Photometric Accuracy
The 2MASS PSC lists only single-epoch magnitude for an object even if it is in an overlapping region. In other words, we can know only a single-epoch magnitude from a 2MASS PSC source. Therefore, in order to investigate the light variation of an object, we measured the relative magnitudes of objects in overlapping regions by ourselves.
Photometry was carried out with the APPHOT package in IRAF (Image Reduction 1 2MASS web site (http://www.ipac.caltech.edu/2mass/) and Analysis Facility 2 ) software. As mention in Sect. 3.2, we subtract the objects which is contaminated by other objects (i.e., not single stars). Therefore, we used constant aperture size photometry to perform automated photometry easily. However, photometric accuracy may be worse when we perform photometry of an object in an overlapping region, since they exist at the edges of images. Below, we discuss the validity of these measurements.
The photometric accuracy was investigated on the basis of differences between our measurements and 2MASS PSC magnitudes (i.e., ∆m in Fig. 1 ). We selected 9 areas of which source densities are relatively higher and lower (b = −20
The number of sample objects in each area is more than 500 objects. In order to avoid the influence of inaccurately catalogued values, we used objects having photometric quality flags in the 2MASS PSC better than B (corresponding to SNR>7) in the J-band. This sensitivity limit corresponds to approximately 16.5 mag in the J-band (see Skrutskie et al. 2006; Cutri et al. 2003) ). It should be noted that we investigate the sources with 8 < J < 17. The zero-point of our measurements was decided by making the average magnitude agree with the 2MASS average magnitude, and we calculated the standard deviation (σ) for the difference. Note that we show results only in the J-band because we used only J-band images to search for variable stars in this paper. Figure 1 shows the histograms of the differences between our measurements and 2MASS magnitudes. Their distributions are within ±0.5 mag with σ ∼ 0.15. We note that each σ does not always represent the spread of the distribution because a part of their distributions is difficult to approximate to a gaussian distribution. The average σ among the 9 areas is 0.146. The differences of σ among the 9 areas can be explained as increases in cases of including many extended sources or double-stars because we adopted constant aperture size. Source density less affects our photometry because the differences of σ among areas whose source densities are relatively high (b = 0
• ) and low (b = 20
• , −20 • ) are small. Few objects have ∆m ≥ 3σ in all areas, so it is highly probable that such objects are real variable objects. Accordingly, ∆m larger than 3σ can be a reliable criterion to select variable objects. As describes in Sect. 3.2, we extracted the sources having magnitude variance over 3σ as variable star candidates. Figure 2 shows m-∆m diagram. It presents that the both ends of each distribution in Fig. 1 are the sources whose brightnesses are near the limiting magnitude. If the brightnesses of most stars in an overlapping region are near the limiting magnitude, it might be difficult to detect variable stars in the region because the σ should be relatively large compared with the other overlapping regions.
In this search, we calculated σ between two images which have a common overlapping region, and picked up the objects with ∆m ≥ 3σ. This procedure is performed on each overlapping region. It should be noted that the 10% of both the brightest and the faintest sources are not used for calculating σ because photometric accuracy for these objects is considered to be worse. Most of the standard deviations are smaller than the value derived in the previous paragraph (i.e., 0.146), which are among approximately 0.1-0.15.
Data Analysis
Detection Procedure
In order to detect variable objects, we analyzed 2MASS public images according to the following steps.
1. Identify the overlapping region between neighboring images.
2. Perform relative photometry for the objects in the overlapping region.
3. Compare the relative magnitudes.
4. Confirm the variabilities in public images by eye.
Step(1): At first, the overlapping region should be identified. The sizes of overlapping regions are different in each image, so they have to be identified individually. We identified the overlapping region by moving the other image little by little until both positions of most objects agree with each other.
Step(2): The 2MASS public images were subjected to standard processing, i.e. they were corrected for instrumental signatures by subtracting a dark frame, dividing by a responsibility image (flat-field), and subtracting a sky-illumination correction image (Skrutskie et al. 2006) . Therefore, they can be used for photometry as they are. We measured magnitudes by aperture photometry with the APPHOT package in the IRAF.
Step(3): We investigated the variability of an object by comparing the relative magnitudes derived in step(2), and picked up the objects satisfying detection criterion(1) in Sect. 3.2.
Step(4): In the case of double-stars seen in Fig. 3(a) , photometric accuracy might be considerably worse because of performing aperture photometry. In order to remove such kinds of objects and detect variable objects with high reliability, we confirmed the variabilities by examining 2MASS public images. Finally, we extracted the objects satisfying detection criterion(2) in Sect. 3.2.
It is not realistic to perform this procedure by hand due to the vast amount of images, so we produced a semi-automated system for performing these steps. In this procedure, image reduction was carried out with the IRAF software package and the other parts were carried out with Fortran90.
Detection Criteria
The detected objects in this paper satisfy the following criteria.
Variability over 3σ
As discussed in Sect. 2.3, variability larger than 3σ is a reliable criterion to judge whether a source is variable object or not despite the use of sources in the edge parts of images where the photometric accuracy might be sub-optimal. Hence, we picked up the objects as variable star candidates which have variability larger than 3σ.
Objects showing apparent difference in images
Most of the objects picked up on the basis of criterion(1) are actually a confusion of double-stars for single stars (see Fig. 3(a) ). In these cases, photometric accuracy might be worse or the counterpart might not be able to be extracted accurately. In order to extract more reliable candidates, we confirmed the variability by examining images. After we selected clearly single stars, finally, we extracted only sources whose brightness is obviously different compared with the other sources (see Fig. 3(b) ).
In this paper, we examined only overlapping regions having interval of epochs larger than one day because of following reasons. Most of the detected variable stars are expected to be red giant variables because we investigate in the direction of the Galactic centre, and the criterion(1) will extract many sources with ∆J >∼ 0.4. The red giant variables are considered to hardly have such large light variance in one day. Therefore, few red giant variables are expected to be detected in the overlapping regions with one-day interval of epochs. Additionally, there is a large number of images with one-day interval of epochs, so it is difficult to examine all of these images by eye. Accordingly, we examined only overlapping regions having interval of epochs larger than one day. Figure 4 shows the investigated region, which covers the entire bulge (−30
Extraction of variable stars
• , |b| 20 • ). Variable stars generally have smaller amplitudes in H or K S bands than those in J-band. Therefore, many variable stars are expected to be detected at J-band compared with at H or K S bands. In addition, even if we can detect variable stars only at H and K S bands using H or K S images, we can not derive the information of the detected variable stars at J-band. Hence, we used only J-band images to search for variable stars in this paper. The number of the investigated images is ∼15 000 (corresponding to approximately 1% of the whole sky). It should be noted that each area of the overlapping regions in this search occupies approximately 20 ± 4% of an image. The total area of the investigated overlapping regions is roughly 100 deg 2 .
As a result of the investigation, we have detected 136 variable objects. The catalogue of the detected variable stars are shown in Table 1 . Table 2 shows the number of the detected objects in each divided area towards the Galactic centre together with the number of investigated images.
Investigating whether the detected objects are already known using VizieR Service 3 (Ochsenbein et al. 2000) , we found only six objects are listed in the variable star catalogues shown in Table 3 .
Optical counterpart
We examined Digitized Sky Survey (DSS) images by eye to check the optical counterparts of our sample. As a result, 84 objects were confirmed as very faint sources. However, almost all of them have no magnitudes in the USNO-B1.0 catalogue (Monet et al. 2003) because they are too faint to measure magnitudes. The existence of optical counterparts are also listed in our catalogue.
Interstellar Extinction
Near the Galactic centre, the interstellar extinction is considerably large due to a large amount of dust. Accordingly, even in the near-infrared wavelength, the extinction can not be ignored. Dutra et al. (2003) estimated the interstellar extinction in |l| ≤ 6
• , |b| ≤ 6
• region. However, we detect variable stars in |l| ≤ 20
• region. Hence, we estimated the extinction of the detected variable stars using a method similar to Dutra et al. (2003) , which use a near-infrared Colour-Magnitude Diagram (CMD). It should be noted that we do not exclude extinction by circumstellar dust. First, we collected stars distributed within 10 ′ of the position of each detected variable star, and measured the shift of the upper giant branch from the intrinsic position along the reddening vector on the (J − K S )-K S CMD. Both the intrinsic position of RGB and the reddening vector, as follows, are taken from Dutra et al. (2002) .
(1)
As mentioned in Dutra et al. (2003) , the extinction for the lower latitude is underestimated by contamination of many blue stars with K S 11. Thus, at the lower latitude (b ≤ 5 • ) we removed the stars with K S < 11.5 as performed in Dutra et al. (2003) .
The extinction values are given in our catalogue. A part of these values are compared with the result of Dutra et al. (2003) in order to examine the accuracy of our estimation. As shown in Fig. 5 , our estimations agree well with that of Dutra et al. (2003) . The standard deviation for the difference of A K S is 0.04 mag.
Although the metallicity variations in the bulge might make our estimation inaccurate, we ignored them because it is considered to be small (e.g., Frogel et al. 1999; Ramírez et al. 2000) .
Detection probability based on twice-epoch magnitudes
As mentioned in Sect. 2.1, the 2MASS images were obtained in four years survey. An interval of epochs in an overlapping region is not always same as that in the other overlapping region. In addition, we can compare only twice-epoch magnitudes to search for variable stars. Accordingly, the difference among intervals of epochs might cause our selection to be biased one, although our selection is expected to be unbiased because we investigated a large number of sources. Therefore, we investigated detection probability based on twice-epoch magnitudes by performing Monte Carlo simulation under some simple assumptions.
Modelling
Although there are a large number of SRVs in the Galactic bulge, the detected variable stars should be Mira variables or OH/IR stars as show in the later section. Their light curves can be assumed by a sinusoid. Therefore, we consider the region that contains N = 100 variable stars whose light curves obey a symmetric sinusoidal model,
where m is the magnitude, A is the amplitude, ∆d is the interval of epochs in an overlapping region, P and θ 0 are the period and the initial phase of a variable star. We set A (0 ≤ A ≤ 2) and θ 0 (0 ≤ θ 0 ≤ 2π) as random parameters, and calculated the detection probability as a function of ∆d. We consider that a period distribution for variable stars is a probability distribution of period, and a period for a variable star is randomly given on the basis of the probability distribution.
Detection probability
We considered two cases for the distribution of period: (a) uniform (P ≤ 1000) and (b) gaussian distribution. We assume the gaussian distribution having the average period of 350 days and the sigma of 100 days, which approximately reproduce the period distribution in Groenewegen & Blommaert (2005a) . We set the detection criterion to be 0.45, which is approximately average 3σ level in our search (see Sect. 2.3).
The numerical results are shown in Fig. 6 . Each plot is average value of 1000 times simulations. Whereas two curves are very similar in shape, the difference between them is the depth of both peak and trough. The range of detection probability in Fig. 6(a) is approximately 0.34 (average value) ±0.1, whereas that in Fig. 6 (b) is nearly same as (a) though it is as large as ∼ 0.5 between 100 and 220 days. Hence, the detection probabilities can be considered to be less sensitive to interval of epochs within 0.1 detection probability. Schultheis et al. (2000b) presented two catalogues of variable star candidates in an area of ∼ 4 deg 2 of the inner galactic bulge. They compared their catalogues with the catalogue of Glass et al. (2001) , and claim that ∼ 40% of variable stars can be recovered using only twice-epoch measurements. Assuming the rms error to be 0.16 mag and detection criterion to be 2σ level as described in Schultheis et al. (2000b) , we can derive the average detection probability of ∼ 0.44 ± 0.05 (both period distributions). This is consistent with the claim of Schultheis et al. (2000b) .
This simulation support that we can extract variable stars at partly constant probability independent on interval of epochs even if we compare only twice-epoch magnitudes for search. However, we note that the number of detected variable stars in this paper is considerably small due to our strict detection criteria (especially the criterion(2) ).
Discussion
Detection Rate
Here, we estimate an actual detection rate by comparing the result of Schultheis et al. (2000b) . Schultheis et al. (2000b) 
• · 5, and have detected ∼ 720 variable stars with 2σ level at J-band. When their second detection criterion (i.e., ∆J > 2σ) is substituted for our criterion (i.e., ∆J > 3σ), the number of their variable stars becomes ∼ 500 objects. Then the number density becomes ∼ 130 counts deg −2 . Because their samples would include some spurious variable stars, the actual number density should be smaller than this value. On the other hand, we have detected 38 variable stars in an area of 2.3253 deg 2 within |l| ≤ 5 • , |b| ≤ 5
• (see Table 2 ), then the number density becomes 16.3 counts deg −2 . The number density of Schultheis et al. (2000b) is roughly eight times larger than that of ours. However, most of variable star candidates detected by our criterion 1 is contaminated by other objects and we exclude such objects to extract reliable variable stars as mentioned above. Therefore, we can probably recover ∼ 10% of variable stars under our strict criteria. Figure 7 shows the spatial distribution of the detected variable stars. The red filled circles indicate the variable stars with an optical counterpart. Variable stars in the General Catalogue of Variable Stars (GCVS) are also plotted on the diagram.
Spatial Distribution
The 118 variables are distributed in the |b| ≤ 5
• region (i.e., the Galactic bulge). This can be explained because the Galactic bulge contains considerably large number of variable stars compared with the outside of the bulge.
Most of the detected variable stars are distributed in the region where there is relatively small number of GCVS variables. The GCVS variables have been discovered in optical wavelength. Thus, the small number of GCVS variables are probably caused by observing obscured region. Almost all of the detected variable stars have not been listed in GCVS catalogue though nearly half of them have an optical counterparts. This is because most of them are very faint sources in the optical (R >∼ 18). It can be interpreted that near-infrared search enables us to detect variable stars in the inner bulge where can not be observed in the optical because of a large amount of dust.
Photometric Properties
Colour-Magnitude Diagram
The (J − K S ) 0 -K S,0 CMD is shown in Fig. 8 . The distribution of our variable stars is similar to that of variable stars in the Galactic bulge (e.g., Schultheis et al. 2000b; Groenewegen & Blommaert 2005a) . Most of the variable stars are located above the tip of the bulge RGB (∼ 8.0-8.2, Tiede et al. 1995; Frogel et al. 1999 ). These stars correspond to Asymptotic Giant Branch (AGB) stars. Still there are a small number of variable stars below the RGB tip, although three variable stars with K 0 > 8.0 (shown by the triangles in Fig. 8 ) are located in the outside of the bulge (|b| 10
• ). The other variable stars below the RGB tip might be less luminous AGB or highly obscured AGB.
Light Variance
The long-period variable stars such as SRVs, Mira variables and OH/IR stars are believed to be on the AGB phase. The detected variable stars are expected to be such AGB variables because most of the variable stars are AGB stars as shown in Sect. 5.3.1. Among these AGB variables, the SRVs have relatively small amplitudes though there are a few number of large-amplitude SRVs. Figure 9 shows J-∆J and J 0 -∆J diagrams for the detected variable stars. We note that ∆J does not represent amplitude, but represents minimum limit of the amplitude. Most of our samples have large light variance of ∆J > 0.5. Therefore, it is highly probable that almost all of the variable stars are large-amplitude variable stars such as Miras and OH/IR stars. Figure 9 also presents that the number of the detected variable stars with an optical counterpart extremely decreases in J > 11. Additionally, most of the detected variable stars with J > 11 have dereddened J magnitudes smaller than 11 mag (i.e., J 0 < 11). Hence, these are not intrinsically faint but are faint caused by interstellar absorption.
Colour-Colour Diagram
A near-infrared CCD is a powerful tool to investigate photometric properties of objects, and is well studied the loci of various objects. Figure 10 shows the (H −K S )-(J −H) and (H − K S ) 0 -(J −H) 0 diagrams. The loci of Me-Mira (taken from Kerschbaum et al. 2001 compiling Feast et al. 1982 , red SRVs and blue SRVs (Kerschbaum et al. 1996) are also shown in Fig.  10 . The reddening vector was taken from Rieke & Lebofsky (1985) and shown as an arrow corresponding to 10 mag extinction at V-band. The colours are transformed from ESO and SAAO to 2MASS photometric system on the basis of Carpenter (2001) . We note that similar distribution for Miras are also derived by some other studies (e.g., Whitelock et al. 1994; Glass et al. 1995; Groenewegen & Blommaert 2005a; Matsunaga et al. 2005 ).
Most of the (H −K S ) 1.3 variables without an optical counterpart have the dereddened colour of (H − K S ) 0 1.3. These stars are considered to be reddened by not circumstellar dust but a large amount of interstellar dust in the inner bulge.
Our samples are distributed around the locus of the Me-Mira or reddened region from the locus, whereas few samples are distributed in the region reddened from the loci of red and blue SRVs. In other words, few samples are SRVs. This is consistent with the property of light variance as mentioned in Sect. 5.3.2. The Mira-like SRV is also a possible object, but the detected variable stars should not be the Mira-like SRVs because their locus on a near-infrared CCD is similar to that of red SRVs (Kerschbaum & Hron 1994) .
Although both Mira variables and OH/IR stars are long-period and large-amplitude variable stars, the majority of OH/IR stars near the Galactic centre have colour larger than (H − K) 0 ∼ 1.0 (Wood et al. 1998) . These stars are distributed over a wide range of the near-infrared colour extending toward redder colours of the region where optically visible Mira variables normally found. This is mainly due to undergoing heavy mass loss. Though OH/IR stars would be faint due to heavy circumstellar dust, they can be detected in both optical and near-infrared wavelengths (Wood et al. 1998; Jiménez-Esteban et al. 2005) . Our samples show that the colours of ∼ 80% variable stars to be (H − K S ) 0 < 1. Hence, it is highly probable that most of the detected variable stars are Mira variables though there are a small fraction of OH/IR stars. It should be noted that three objects in our samples have been detected as OH or SiO maser sources. Table 4 shows the catalogues listing up the three objects.
Number density distribution
In Fig. 7 , we can notice the number of the detected variable stars in l > 0
• is larger than that in l < 0
• . However, we can not compare the number of variable stars between l > 0 • and l < 0 • in Fig. 7 because the number of investigated images is different in each region (see Fig. 4 ). We then divided |l| ≤ 20
• , |b| ≤ 5
• region into δl × δb = 1 • × 10 • areas, and calculated the number density of detected variable stars every 1
• Galactic longitude (i.e., in a δl × δb = 1
• × 10 • bin, the area of whole region is divided by the area of investigated region, which is additionally multiplied by the number of detected variable stars in each bin). Figure 11 shows the number density distribution for the detected variable stars. It shows an asymmetric distribution towards l = 0
• , and the number density in l > 0 • is still relatively larger than that in l < 0
• . One maybe consider that the asymmetry is caused by a small number of samples. However, if the Galactic bulge has a symmetric structure, it is strange that in most of the |l| bins (see Fig. 12 ) the number densities in l > 0
• are larger than that in l < 0
• (especially, the differences in l ∼ 2 • and l ∼ 10 • are clear). In other words, if a small number statistics cause the asymmetry, the number densities in l < 0
• should evenly be nearly or larger than that in l > 0
• . In addition, the statistical test also support the asymmetry. We performed χ 2 test to examine the significance of this asymmetry, assuming the null hypothesis that the number density is a symmetric distribution towards l = 0
• within |l| ≤ 10 • . We derived χ 2 = 35.4, which implies that the difference of the distributions between l > 0 • and l < 0
• is significant at the 99% confidence level. Therefore, it is highly probable that the number density distribution is asymmetry, which is not due to a small number of samples. Below, we consider possible causes for this asymmetry. First, the difference of the number of investigated images might affect the number of the detection. However, the number of investigated images in each region is 619 (0
• ) and 461 (−10 Table 2 ), which correspond to the average number densities of 17.4 and 7.1 counts deg −2 , respectively. Therefore, the difference between the numbers of investigated images can not explain the asymmetry.
As demonstrated in Sect. 4, the difference among epoch interval in the overlapping regions less affect the detection probability. Accordingly, it can not be the cause for the asymmetry.
Many variable stars are expected to be detected within or near the Galactic disk (|b| 1
• ), so if the number of investigated images is different between l > 0 • and l < 0 • , the difference of number density might be significant. However, they are 75 (0
• ) and 98 (−10
images, respectively. Hence, the asymmetry can not be explained by the difference of the number of the investigated images in |b| ≤ 1
• .
The local heavy interstellar extinction might cause the difference of the number densities between l > 0 • and l < 0 • because we may miss variable stars in such region, although we can observe the deep bulge at J-band to some extent. However, as mentioned in the above, in the most of the |l| bins the number densities in l > 0
• are larger than those in l < 0 • . Accordingly, it is difficult to explain these differences by the local highly extincted regions. Still, we note that there are drop-offs at l = −1
• , −2
• . This is strange because the number density around l ∼ 0
• is expected to be larger than that in l < −2
• . According to the extinction map of Dutra et al. (2003) , the extinction around l ∼ −1
• is slightly larger than other region. Therefore, the drop-offs might be caused by the relatively larger extinction.
High-mass losing stars such as OH/IR stars may be missed due to heavy circumstellar extinction. However, such highly obscured stars should be uniformly undetected at J-band. The OH/IR candidates detected in this paper are considered to be relatively low circumstellar extinction. If objects are OH/IR stars having low circumstellar dust enough to be detected at J-band, they can be detected at constant detection probability as demonstrated in Sect.
4.2.
Finally, it is considered that the asymmetry reflect the structure of the Galactic bulge. Various studies reveal that the Galactic bulge has an asymmetric structure, that is, there is a central bar in the bulge (Nakada et al. 1991; Blitz & Spergel 1991; Stanek et al. 1994) . The bar tilt with respect to the line toward the Galactic centre, and the closer end lie in the positive Galactic longitude (e.g., Morris & Serabyn 1996) . Therefore, the asymmetry of the number density distribution can be explained by the tilted bar structure in the Galactic bulge. As mentioned by Whitelock & Catchpole (1992) and Matsunaga et al. (2005) , Mira variables can trace the structure of the Galactic bulge. Hence, it is natural consequence that our large-amplitude variable stars also trace the structure of the bulge.
Summary and Conclusions
We have discovered variable stars using overlapping regions in the 2MASS public images. As a result of the investigation toward the Galactic centre (−30
• , |b| 20 • ), we have detected 136 variable stars. Among which, 6 variable stars are already-known and 84 are accompanied by an optical counterpart in DSS images. The optical counterparts, however, are too faint to measure magnitudes (i.e., their brightness are nearby limiting magnitude of DSS images). The interstellar extinctions are estimated on the basis of the position of the upper giant branch, which are consistent with values of Dutra et al. (2003) . Photometric properties of the detected variable stars indicate that most of them are large-amplitude AGB variables such as Mira variables and OH/IR stars in the Galactic bulge. Additionally, the bar-like structure of the bulge is detected by the number density distribution of the detected variable stars. This paper demonstrates that the search for variable stars using overlapping regions is an useful method. In this paper, there is a small number of detection due to the strict detection criteria, but it is possible to detect a lot of variable stars if we can judge the variability more precisely with tender criteria. Establishing this search method, we can discover variable stars in widely region. If extracting more variable stars in the bulge, the structure of the bulge might be revealed using them as tracers, since the detected variable stars in this paper trace the structure of the bulge.
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